Amorphous diamond is a new material for surface-micromachined microelectromechanical systems (MEMS) that offers promise for reducing wear and stiction of MEMS components. The material is an amorphous mixture of 4-fold and 3-fold coordinated carbon with mechanical properties close to that of crystalline diamond. A unique form of structural relaxation permits the residual stress in the material to be reduced from an as-deposited value of 8 GPa compressive down to zero stress or even to slightly tensile values. Irreversible plastic deformation, achieved by heat treating elastically strained structures, is also possible in this material. Several types of amorphous diamond MEMS devices have been fabricated, including electrostatically-actuated comb drives, micro-tensile test structures, and cantilever beams. Measurements using these structures indicate the material has an elastic modulus close to 800 GPa, fracture toughness of 8 MPa·m 1/2 , an advancing H 2 O contact angle of 84° to 94°, and a surface roughness of 0.1 to 0.9 nm R.M.S. on Si and SiO 2 , respectively.
INTRODUCTION
In the quest to improve the mechanical performance and reliability of MEMS, diamond and hard amorphous carbon have recently emerged as one promising class of materials. Diamond has the highest hardness (~ 100 GPa) and elastic modulus (~ 1100 GPa) of all materials. Amorphous forms of carbon, specifically the hard carbons, amorphous diamond (aD), tetrahedral amorphous carbon (ta-C), and diamond-like carbon (DLC), can also approach crystalline diamond in hardness (up to ~ 90 GPa) and modulus (800+ GPa). The main appeal of these materials for the MEMS designer, however, lies with their extreme wear resistance (up to 10,000 times greater wear resistance than Si) [1] , their hydrophobic surfaces that offer inherent stiction resistance (parts don't stick together due to capillary forces from entrapped water) [2] , and their chemical inertness (allows use in aggressive chemical environments). Crystalline diamond also possesses the highest thermal conductivity and the largest range of optical transparency (from far IR to UV) of any material, making it useful for thermal heat sink structures or micro-optics [3] . Recently, researchers have made considerable progress in the fabrication of MEMS structures fabricated from polycrystalline and nanocrystalline diamond, both in the area of surface micromachining and in mold-based processes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A variety of diamond microstructures have been demonstrated, including substrates with integrated channels for active-cooling [3] , micromachined fresnel optics [3] , optical fiber alignment structures [4] , free-standing capillary tubes [4] , acceleration sensors [5] , thermally-actuated liquid ejectors [5] , electrical microswitches [6] , micro-tweezers [7] , diamond cantilevers with tips for scanning probe microscopy (SPM) applications [7] , a diamond motor structure [8] , diamond gears [9, 10] , and nanoindentation tips [11] . Most of these structures are fabricated from chemical vapor deposited (CVD) polycrystalline diamond. One of the disadvantages of CVD polycrystalline diamond is that the surface roughness is typically quite high, ~ 1 µm R.M.S., and this limits the minimum device dimensions (typical layer thicknesses are several µm with 10's of µm in lateral dimension) and inhibits the use of multi-level processes to create complex MEMS structures.
Recently, a new type of hard carbon material was introduced, colloquially referred to as stress-free amorphous diamond (aD) [14] . Technically, the material is best described as an amorphous mixture of nanophases of tetrahedrally-coordinated carbon, comprising about 70% of the total, with three-fold coordinated carbon comprising the remaining 30%. The three-fold coordinated carbon is not randomly distributed but is instead clustered as conjugated chain-like or, perhaps, sheet-like structures [15] . In the as-deposited state, the material exhibits extremely high levels of compressive film stress (8 GPa), but, surprisingly, with suitable control of film deposition, 100% stress relief (down to zero ± 10 MPa) can be achieved. The resulting stressfree films are hard, optically transparent, moderately conductive, and near-atomically smooth (0.1 nm RMS roughness on Si, 0.9 nm roughness on SiO 2 ). These properties lend the material for use in surface-micromachined MEMS applications where small dimensions and complicated structures are desired.
EXPERIMENTAL
The aD material was deposited at room temperature using an energetic pure carbon beam that contains a significant fraction of carbon ions with energies peaked near 100 eV. In this work, the aD films were deposited using pulsed-laser deposition with a KrF excimer laser source (248 nm) and a rotating solid graphite target [16] . The laser fluence was 100 J/cm 2 (pulse width ~ 20 nsec, 30 Hz rep-rate), and the deposition chamber pressure was less than 10 -7 Torr. The films were deposited on SiO 2 -coated (2 µm thick) Si substrates to a thickness of 1 to 2 µm. A thin adhesion layer of poly-Si (~ 0.1 µm thick) was used between the SiO 2 layer and aD. Typical deposition rates used in this study were about 1 µm in 3 hours, with uniform thickness (< 10% variation) over a 2" diameter area. Relief of residual film stress was achieved by thermal annealing in vacuum or inert gas (Ar). Typical annealing conditions were 600 -650°C for ~ 5 min. or 550°C for more than ten hours (when precise control of residual film stress was required).
The single-level aD MEMS structures were fabricated by photolithographically patterning a thin Al layer atop the aD film. The aD layer was etched in an O 2 electron cyclotron resonance plasma using Al as an etch mask. Following dry etching, wet etching of the SiO 2 sacrifical layer was performed using 7:1 H 2 O:HF or buffered oxide etch (BOE). The Al etch mask is also quickly etched at the same time in these solutions. Any residual poly-Si on the underside of undercut sections of aD was removed by brief immersion in dilute HF in HNO 3 . This process leaves pedestals of SiO 2 supporting completely undercut sections of aD film. Following wet etching, the structures were dried in flowing N 2(g) , and a brief (5 min.) dehydration bake in Ar at 200 -300°C was used to remove any residual moisture and free the aD structures from the substrate (unlike poly-Si MEMS, supercritical CO 2 drying or self-assembled monolayer coatings to eliminate auto-adhesion were not required).
RESULTS AND DISCUSSION
Historically, applications for hard amorphous carbon films have been limited by the extremely high compressive film stresses (8 GPa) that result from the energetic film deposition processes. Control of film stress is one of the most critical issues facing any potential MEMS material, particularly for surface-micromachined structures which can have large aspect ratios of the structural elements (beam length/beam thickness can exceed 1000). Generally, a prospective MEMS material should exhibit a residual stress less than 10 MPa, ideally just a few MPa. For a high modulus material this is an extreme requirement, e.g. for aD this stress level corresponds to an elastic residual strain of about 0.00001 (or about 1 Å of displacement for every 10 µm of beam length, assuming uniaxial loading)! Remarkably, properly prepared aD films can exhibit complete stress relaxation to a residual stress level down to zero or even to slightly tensile values, if desired [17] . The ability to stress-relieve aD is due to a unique form of structural relaxation that is able to occur in the material. Thermal annealing induces transformation of some of the 4-fold coordinated carbon in the material into 3-fold coordination, which is lower in energy (at very high annealing temperatures, > 900°C, near complete conversion of the 4-fold coordinated carbon into 3-fold can be achieved [18] ). The conversion of 4-fold carbon to 3-fold carbon is strain-relieving (biaxially) due to the shorter bond-length of the 3-fold carbon-carbon bond [15] . The magnitude of the residual film stress as a function of time-temperature annealing, σ(t,T), is entirely predictable, being based on the amount of strain relief associated with conversion of each 4-fold carbon atom and the activation energy for the process,
where σ 0 is the as-deposited film stress, ε sp2-sp3 is the bond strain in replacing a 4-fold carboncarbon bond with a 3-fold carbon-carbon bond (~ -0.08), E/(1-ν) is the biaxial modulus, N(E A ) is the distribution of activation energies, E A , for the first-order chemical reaction that describes converting a 4-fold carbon atom into a 3-fold atom, and ν 0 exp(-E A /k B T) is the rate constant for this reaction. Full stress relief can be achieved after annealing for several minutes at ~ 600°C (or, equivalently, for tens of hours at 550°C). [Due to thermal expansion mismatch between aD and Si (-6×10 -7 K -1 ), cooling from 700°C to 25°C induces a thermal stress of 400 MPa in aD (compressive), but this thermal stress can be compensated to zero (at 25°C) by preparing the aD film to have slight tensile stress (at elevated temperature).] This stress relief is accompanied by conversion of ~ 6 at. % of the 4-fold carbon to 3-fold carbon, but this small amount of conversion has almost negligible effect on the film's mechanical properties (hardness and modulus) [16] . One important aspect of this stress relaxation process is that it is irreversible: once the 4-fold carbon bonds with low activation energy convert following annealing, they are no longer available for future stress relaxation (a higher anneal temperature or longer time anneal would be required to access higher activation energy sites). This property is desirable, as it enables structural relaxation to occur after annealing at elevated temperature, but essentially zero stress relaxation (in any meaningful time scale) would later occur in the material after cooling back down to room temperature.
Control of residual film stress in aD permits large aspect ratio MEMS structures. Several examples are shown in figures 1-3. Figure 1 shows an example of an electrostatically-actuated EE7.1.3 comb drive structure (the inset shows detail of the fingers and spring). This particular structure is used to measure the force that may be generated by the actuator (actuating the structure leads to elliptical distortion of the circular spring in the upper left, and the distortion is measured by a vernier scale in the center). Unlike undoped diamond which is extremely resistive, aD is moderately conductive with a resistivity in its stress-free state of 10 4 Ωcm (the resistivity can be reduced to below 1 Ωcm by higher temperature annealing), and this conductivity is more than sufficient for electrostatic actuation (electronic conduction in this material is due to tunneling between 3-fold coordinated carbon clusters [19] ). For unloaded electrostatic comb drives (not shown), a displacement of several µm was observed at a resonance frequency of 5500 Hz and ~ 90 V excitation. The mechanical response of aD comb drives is equivalent to that of poly-Si, except the resonant frequencies are scaled upward by a factor of (E/ρ) 1/2 , where E is the elastic modulus of aD (about 800 GPa, or 5 times higher than poly-Si) and ρ is the density (about 2.9 g/cm 3 , or about 26% higher than poly-Si). Therefore, for the same dimensions, the resonant frequency of the aD element is two times higher than the poly-Si element. 300 µm 30 µm Figures 2 and 3 show examples of micro-tensile test structures and cantilever beams of aD, respectively. The micro-tensile test structures permit measurement of the tensile stress-strain properties and tensile fracture strength and toughness of aD [20] . The cantilever beams are useful for measurement of the film bending modulus and assessment of strain gradients within the EE7.1.4 material. The control of strain gradients within a MEMS material is equally important as the control of the residual film stress. Strain gradients give rise to out-of-plane distortion of the MEMS structural element (even when the net residual stress is zero) and can prevent proper meshing of gears or other, more serious, alignment errors. An example of an aD MEMS element with high residual strain gradient is shown in figure 4 . Ideally, the radius of curvature of a MEMS beam should approach or exceed one meter (this radius of curvature would cause a 100 µm long beam to deflect about 50 Å out of the film plane). In most cases, proper control of film deposition and annealing leads to very little strain gradient in aD films (figures 1-3 ), but even in conditions where the strain gradient was not properly controlled in the as-fabricated structure (figure 4), the strain gradient can be subsequently corrected either by thermal annealing or postdeposition, see figures 5 (a) and (b), respectively. Figure 5(a) shows the result of post-MEMS fabrication annealing on an aD cantilever beam that exhibited high negative strain gradient (the beam height profile was measured by optical interferometry). Annealing at progressively higher temperatures (or longer times) at temperatures higher than the initial stress-relief temperature can reverse the strain gradient in aD films with negative curvature. If the initial strain gradient is in a positive direction, figure 5(b) , the strain gradient can be reduced to near zero by post-deposition of compressively-stressed aD atop the MEMS structure. For the example shown in figure 5(b) , the deposition of 1.2 nm of compressively-stressed aD is sufficient to increase the radius of curvature of the cantilever beam to 1.5 m.
µm
The mechanical properties of aD are conveniently measured using micro-tensile test structures ( figure 3) . A nanoindenter tip is used to engage the ring end of the structure while the other end is firmly attached to the substrate by a pedestal of SiO 2 . By measuring the lateral force and lateral displacement on the nanoindenter tip, a complete tensile stress-strain curve up to the point of fracture is obtained for the element [20] . Based on a large number of samples, the average elastic modulus of aD was found to be 830 (± 90) GPa (using bending modulus measurements from cantilever beams, the elastic modulus was found to be in the range of 650 -800 GPa) with a mean tensile strength of 8.5 (± 1.4) GPa [20] . All of the samples with the highest fracture strength appeared to have a surface flaw initiation site, while some samples with lower fracture strength had a readily-identifiable flaw within the gage section of the beam, see figure 6 . Based on measurements where there was a readily-identifiable initial flaw or through measurement of the radius of the mirror-mist boundary on the fracture surface, the fracture toughness of aD was determined to be 8 MPa·m 1/2 (about 8 times higher than poly-Si) [21] . Most poly-Si MEMS structures are not limited by the mechanical properties (e.g. fracture strength) of the material, but the chemical properties of poly-Si can be limiting. Stiction or autoadhesion of MEMS structures due to H 2 O capillary forces is one example [2] . This stiction is due to the presence of the hydrophilic SiO 2 layer that is naturally-occurring on Si. While there are established treatments to apply hydrophobic surface layers on the oxide surface, such as selfassembled monolayer coatings of octadecyltrichlorosilane [2] , these coatings may not remain intact when their surfaces are in rubbing contact [22] . In contrast to Si surfaces, the surface of diamond tends to be hydrogen-terminated and relatively non-polar. Measurements of the advancing and receding H 2 O contact angle on the surface of aD are shown in table I for films in the as-stress-relieved and post-annealed state. The aD films are hydrophobic or nearly hydrophobic, contact angle 90° or larger, based on the static advancing contact angle numbers (the origin of the large hysteresis between static advancing and receding contact angles is not understood). Experimentally, it is found that a simple dehydration bake to drive off moisture is sufficient to release most structures, and, once released, there is no tendency for structures to readhere to the substrate when they are forced into contact. Table I . H 2 O contact angles for as-stress-relieved and post-annealed aD.
Material
Static advancing angle Static receding angle as-stress-relieved aD (600°C annealed)
Measurements of the surface roughness on top of the aD MEMS structures by atomic force microscopy (AFM) reveals the surface to be very smooth (particularly when compared to CVD diamond surfaces), see figure 7. The very low surface roughness is due to the subplantation growth process (the high energy carbon ions implant below the surface, and their low mobility does not permit migration and rearrangement). As a result, the surface roughness of aD films replicates the surface roughness of the starting substrate. For films deposited on SiO 2 , the surface roughness was measured to be 0.9 nm R.M.S. (figure 7), while films deposited directly on polished Si had measured surface roughness of 0.1 nm R.M.S. One of the greatest expected advantages of aD for MEMS is its extreme wear resistance, and this is especially important for MEMS structures that have rubbing surfaces. (Wear has been found to be a concern for poly-Si MEMS, for example [22] .) Conventional pin-on-disk wear tests of planar aD films have shown exceptionally low wear rates (no wear tracks identifiable using steel pins -tests using aD-coated pins are in preparation) and low coefficient of friction, 0.1. Based on a design by Dugger et. al [23] , a friction and wear MEMS test structure has been fabricated out of aD to allow wear evaluation under realistic loads, displacements, and frequencies found in typical MEMS devices, and results from these test structures are expected to be available in the near future.
EE7.1.7
The suite of properties for aD (controllable film stress and strain gradient, high strength, stiction-resistance, low wear) suggests it shows promise for supplementing poly-Si MEMS, particularly in applications where wear or stiction might be a concern. The greatest limitations with the material, however, lies in the lack of commercially-available deposition tools that can be readily inserted into an existing conventional Si microelectronics fabrication facility and in the fact that the deposition process itself is line-of-sight. Line-of-sight deposition prevents deposition on the undersides of surfaces or where there are re-entrant structures. The same design rules that apply to a multi-level poly-Si MEMS process do not apply for aD. These design rules have to be modified to employ features such as sloped oxide sidewalls for layers beyond the first structural layer. The fabrication of multi-level aD MEMS structures as well as hybrid poly-Si/aD MEMS are currently in development.
CONCLUSIONS
Amorphous diamond is a potentially quite useful new material for surface micromachined MEMS. It exhibits controllable stress and strain gradient, is stiction-resistant (due to a nearhydrophobic surface), has high strength and fracture toughness, has high modulus (which is desirable for mechanically-driven RF devices), is very smooth, and is expected to exhibit extreme wear resistance in MEMS applications. Proof-of-principle aD MEMS structures have been demonstrated (single level electrostatically-actuated comb drives and simple mechanical structures) and work is continuing on more advanced, multi-level devices.
